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Abstract –We present high-resolution neutron Compton scattering measurements of liquid 3He
below its renormalized Fermi temperature. Theoretical predictions are in excellent agreement with
the experimental data when instrumental resolution and final state effects are accounted for. Our
results resolve the long-standing inconsistency between theoretical and experimental estimates of
the average atomic kinetic energy.
Introduction. – Liquid 3He is a system of funda-
mental importance to contemporary physics because it is
a prototypical example of a strongly interacting fermion
system [1,2]. It provides a benchmark for testing the relia-
bility of current many-body techniques, such as variational
wavefunctions [3,4] and quantum Monte Carlo calculations
[5–9]. Fermi statistics plays a dominant role in determin-
ing the microscopic dynamics of normal liquid 3He at both
collective and single-particle levels. The elementary exci-
tations of liquid 3He consist of particle-hole quasi-particles
and zero sound [10–12]. The atomic momentum distribu-
tion n(k) is believed to exhibit a Fermi surface disconti-
nuity followed at higher momenta by an exponential tail.
The single-particle dynamics of liquid 3He shares these
universal features of normal Fermi liquids with electronic
and nuclear systems, despite the large differences in length
and energy scales involved [13–16].
Variational wavefunctions and Diffusion Monte Carlo
(DMC) methods have been applied to determining the
momentum distribution n(k) of liquid 3He [4, 8, 9]. These
theories predict that the Fermi surface discontinuity Z
has a size of ≈ 0.25 and the average kinetic energy 〈EK〉
is about 12 K to 13 K, under saturated vapor pressure. A
number of experimenters have performed neutron Comp-
ton scattering studies of liquid 3He to test this Fermi liq-
uid picture of 3He [17–19]. No direct observation of the
Fermi surface discontinuity has resulted from these mea-
surements. Moreover, these authors report values for the
average atomic kinetic energy 〈EK〉 in the range of 8 K
to 10 K, in serious disagreement with theoretical predic-
tions. It was suggested that the experimental estimates
of 〈EK〉 may be incorrect due to the fact that there is a
significant contribution to 〈EK〉 from the tails of the data,
the most poorly known part of the scattering [20,21]. This
long-standing inconsistency casts doubt upon the ability of
modern many-body methods to describe this benchmark
fermion system.
In this paper, we present a high-resolution neutron
Compton scattering study of liquid 3He below its renor-
malized Fermi temperature T ∗F . A preliminary report of
the experiment has already appeared [22]. We demon-
strate that the neutron Compton profile J(Y,Q) and av-
erage kinetic energy 〈EK〉 are fully consistent with many-
body predictions. There is excellent agreement between
the predicted and observed lineshape of J(Y,Q) when in-
strumental resolution and final state effects are taken into
account. The average kinetic energy 〈EK〉, extracted from
the scattering data by means of a model fit, is in agree-
ment with theoretical predictions for pressures of 0 bar to
15 bar. Therefore, the Fermi liquid picture of normal fluid
3He is fully consistent with our scattering data.
Theoretical Predictions. – Here we consider the
DMC calculations of Moroni et al [9] and their implica-
tions for the neutron scattering law in the Impulse Ap-
proximation (IA) limit. The inset of Figure 1 illustrates
the momentum distribution n(k) of liquid 3He at number
densities of 0.01635 A˚
−3
and 0.01946 A˚
−3
, corresponding
to pressures of 0 bar and 10 bar. Our experimental data,
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Fig. 1: Expected IA-scattering JIA(Y ) based on DMC predic-
tions described in Ref [9]. Main panel: liquid 3He at number
densities 0.01635 A˚
−3
(blue) and 0.01946 A˚
−3
(orange); ideal
Fermi gas at number density 0.01635 A˚
−3
(purple). The arrow
points to the Fermi surface kink at Y = −kF . Inset: corre-
sponding momentum distributions n(k).
discussed below, also covers these pressures. The momen-
tum distribution n(k) exhibits a sharp discontinuity at
the Fermi wavevector kF and an exponential drop-off for
k > kF . As the pressure is raised, the size Z of the discon-
tinuity decreases from 0.24 to 0.14 and more 3He atoms
are promoted from the “Fermi sea” into the exponential
tails. The average kinetic energy 〈EK〉 is increased from
12.0 K to 15.2 K.
Neutron Compton scattering experiments use epither-
mal neutrons to reach momentum and energy transfers
that are much larger than the characteristic energies of
the material under study [16,23,24]. According to the IA,
a high-energy incident neutron delivers an impulsive blow
to a single helium atom in the sample, transferring a suffi-
ciently large amount of momentum and kinetic energy to
the target atom so that it recoils freely from the impact.
In this limit, the neutron Compton profile J(Y,Q) is given
directly by an integral transform of the momentum distri-
bution n(k).
JIA(Y ) = 2pi
∫ ∞
|Y |
kn(k)dk. (1)
The main panel of Figure 1 compares the IA-scattering law
JIA(Y ) for three different cases. The scattering is exactly
parabolic in the ideal Fermi gas when |Y | ≤ kF and zero
otherwise. In liquid 3He JIA(Y ) is approximately, but
not exactly, parabolic when −kF ≤ Y ≤ +kF . However,
unlike the ideal Fermi gas, strong interactions in the liquid
promote particles to momenta k above the Fermi surface
kF . Under the integral transform in Equation 1, the Fermi
surface discontinuity in n(k) becomes a kink in JIA(Y ) at
Y = ±kF .
Fig. 2: Corrections to the IA: FSE broadening function R(Y,Q)
for number densities 0.01635 A˚
−3
(blue), 0.01946 A˚
−3
(or-
ange), and 0.0216 A˚
−3
(green); the effective instrumental res-
olution I(Y,Q) (dashed black line).
The IA limit is not reached in neutron scattering studies
of the helium liquids because the interatomic potential has
steeply repulsive core. Final state effects (FSE) are devia-
tions from the IA that occur because the recoiling helium
atom may collide with the hard cores of its neighbors. FSE
smear or wash out sharp features in the neutron Comp-
ton profile. They are expressed as a broadening function
R(Y,Q):
JFS(Y,Q) =
∫ +∞
−∞
JIA(Y
′)R(Y − Y ′, Q)dY ′. (2)
In this paper, we adopt the model FSE function R(Y,Q)
from Hard Core Perturbation Theory (HCPT) [25–28].
The most detailed HCPT calculations have been per-
formed for liquid 4He, although the theory is also appli-
cable to liquid 3He. To obtain an appropriate model FSE
function R(Y,Q) of liquid 3He we have applied the ap-
proximate density-scaling property of HCPT:
Y1
Y2
=
R(Y2, Q)
R(Y1, Q)
=
n1
n2
. (3)
Here n1 and n2 refer to two different number densities of
liquid helium.
Figure 2 plots the final state effect function R(Y,Q)
for three different number densities. R(Y,Q) consists of
a central peak and damped oscillatory tails. The width
of the central peak increases at higher densities, and the
damped oscillatory tails ensure that the second moment
of R(Y,Q) vanishes. We note that the HCPT theory is
very similar in shape and width to the model proposed by
Mazzanti et al [8].
Experimental Approach. – We carried out a neu-
tron Compton scattering study of liquid 3He using the
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MARI spectrometer at Rutherford Appleton Laboratory.
For this study, we used the A-chopper package to obtain
a nominal incident energy Ei = 800 meV and an elastic
energy resolution δE/Ei ≈ 2 %. The neutron Compton
profile J(Y,Q) was determined at Q = 27.5 A˚
−1
, corre-
sponding to a mean scattering angle φ = 125◦.
The large absorption cross section of 3He precludes the
use of conventional sample cells that employ a transmis-
sion geometry. Instead, we used a Sko¨ld-Pelizzari reflec-
tion cell [17] oriented at 45◦ with respect to the incident
beam. To ensure a correct subtraction of the background
signal, the back of the sample cell should scatter no neu-
trons into the detectors near φ = 125◦ when liquid 3He is
absent. Boron nitride was cut into a “sawtooth” pattern
so that neutrons scattering from the back of the sample
in direction of the high-angle detectors are absorbed by
one of the “teeth.” We placed sintered copper powder be-
hind the boron nitride so that the liquid 3He could reach
thermal equilibrium with the sample cell.
The low temperatures were achieved used a 3He sorp-
tion cryostat. Holding the liquid at a constant tem-
perature of 500 mK, we measured J(Y,Q) at pressures
P = (0, 10, 15) bar. This corresponds to number densities
ρ = (0.0163, 0.0197, 0.0216) A˚
−3
. The experimental data
was analyzed using the DAVE software package [29].
We calculated the effective resolution function I(Y,Q)
using a Monte Carlo simulation of the experiment [19].
The resolution I(Y,Q), shown in Figure 2, is a single Gaus-
sian having a full-width at half-maximum of 0.603 A˚
−1
.
The experimentally observed Compton profile is:
JEXP (Y,Q) =
∫ +∞
−∞
JFS(Y
′, Q)I(Y − Y ′, Q)dY ′. (4)
Like the FSE function R(Y,Q), the instrumental resolu-
tion function I(Y,Q) has the effect of washing out sharp
features in JIA(Y ).
Lineshape Comparison. – Figure 3 plots the ob-
served Compton profile J(Y,Q) at Q = 27.5 A˚
−1
as a
function of density. The scattering consists of a single non-
Gaussian peak that becomes broader as the density of the
fluid increases. The increase in width at higher density is
a consequence of the Heisenberg uncertainty principle: the
zero-point energy of the 3He atoms increases as the atoms
are more localized. The same effect has been observed in
bulk liquid 4He under pressure [30,31].
A direct observation of a kink in J(Y,Q) at Y = kF
would constitute conclusive experimental evidence for the
existence of a Fermi surface in liquid 3He. No such kinks
are observed at any density, even though the temperature
of the liquid 3He is well below its renormalized Fermi tem-
perature T ∗F = 1.5 K. This sharp feature, readily apparent
in the IA prediction JIA(Y ) shown in Figure 1, is washed
out by the combination of instrumental resolution I(Y,Q)
and final state effects R(Y,Q) shown in Figure 2.
This situation may be contrasted to X-ray Compton
Fig. 3: The neutron Compton profile J(Y,Q) of liquid 3He at
500 mK at three different densities. The solid curves are the
Diffusion Monte Carlo predictions of Moroni et al [9] when
instrumental resolution and final state effect corrections are
taken into account. Difference curves are shown below the
main figure. No calculations are available for comparison with
the ρ = 0.0216 A˚
−3
data set. Error bars throughout the text
represent one standard deviation.
scattering studies of conduction electrons [13, 14]. The
Fermi surface discontinuity is regularly observed in these
experiments. The relative importance of instrumental res-
olution and final state effects may be estimated by the di-
mensionless ratio ∆Y/kf , where ∆Y is the broadening due
to I(Y,Q) and R(Y,Q). For X-ray Compton scattering
experiments, ∆Y/kf is on the order of 10
−1 to 10−2; for
neutron Compton scattering studies of liquid 3He, ∆Y/kf
is on the order of 1.
Theoretical calculations of n(k) may still be checked
for their consistency with the scattering data, even if the
change in slope at kF does not appear as a distinct fea-
ture in that data. To make the most stringent possible
test, one should compare the entire predicted lineshape for
J(Y,Q) with the neutron Compton scattering data. The
solid lines in Figure 3 are obtained when DMC predictions
for JIA(Y ) are convoluted with the HCPT final state ef-
fects R(Y,Q) and instrumental resolution I(I, Y ). As can
be seen, there is excellent agreement between theory and
experiment with no adjustable parameters.
The residuals shown in Figure 3 suggest that the pre-
dicted lineshape for J(Y,Q) slightly underestimates the
scattering intensity near Y = +1.7 A˚
−1
. We attribute
this small difference to the form of our model FSE func-
tion R(Y,Q). As illustrated in Figure 2, R(Y,Q) has a
p-3
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Fig. 4: The average kinetic energy 〈EK〉 of liquid 3He as a
function of density: present experimental values (black circles);
previous experimental values from Ref [17] (green triangle),
Ref [18] (green diamond), and Ref [19] (green circle); Diffusion
Monte Carlo estimates from Ref [9] (red diamonds) and Ref
[8] (orange triangle); and variational estimates from Ref [4]
(purple squares). The dashed black line is only a guide to the
eye and not a fit to the points.
narrow central peak and oscillatory tails that may be ei-
ther positive or negative. The effect of convoluting JIA(Y )
with R(Y,Q) is not only to smear the Fermi surface kink,
but also to shift intensity around in a way that preserves
the ω2-sum rule. Specifically, R(Y,Q) depletes the inten-
sity at intermediate, positive Y .
Extraction of 〈EK〉. – The average kinetic energy
〈EK〉 of the 3He atoms provides another way to test theo-
retical calculations of n(k). According to the ω2-sum rule,
the average kinetic energy 〈EK〉 is directly proportional
to the second moment of the scattering J(Y,Q). To de-
termine 〈EK〉, one introduces a parameterized model for
JIA(Y ) and the values of the adjustable parameters are
estimated by means of a least squares fit to the scatter-
ing data. The parameterized model JIA(Y ) is convoluted
with R(Y,Q) and I(Y,Q).
Our preliminary report [22] of this experiment commu-
nicated values for the average kinetic energy 〈EK〉 in dis-
agreement with theoretical predictions. We represented
JIA(Y ) by means of a single Gaussian when fitting the
scattering data. However, the single Gaussian model is
not sufficiently flexible to describe the wings and tails of
the scattering, leading to an incorrect determination of
〈EK〉.
Here we represent the IA-scattering by means of a phe-
nomenological, non-Gaussian model:
J
(P )
IA (Y ) =
2∑
i=1
Ai
(2piσ2i )
1/2
e−(Y−Y0)
2/2σ2i . (5)
The model scattering function J
(P )
IA (Y ) consists of a sum
of two Gaussians, each locked to a common center Y0. The
average kinetic energy is given by:
〈EK〉 = 3h¯
2
2m
A1σ
2
1 +A2σ
2
2
A1 +A2
. (6)
Figure 4 compares experimental and theoretical esti-
mates for the average kinetic energy 〈EK〉. We applied
the ω2-sum rule to the DMC predictions in Ref [9] to ob-
tain the red diamonds shown in the figure. All previous
experiments at saturated vapor pressure disagree with the-
oretical predictions. In contrast, the present results are in
good agreement with theoretical predictions at all densi-
ties. For pressures of 0, 10, 15 bar, we estimate 〈EK〉 is
12.5 K ± 1.2 K, 17.2 K ± 1.2 K, and 19.0 K ± 1.6 K, re-
spectively.
Alternative Models. – We have shown that the con-
ventional Fermi liquid picture of 3He is consistent with
our neutron Compton scattering data. The question nat-
urally arises whether or not the experimental data by it-
self proves that a Fermi surface discontinuity exists in liq-
uid 3He. Bouchaud and Lhuillier developed an alternative
model in which 3He atoms form BCS-like dimers and no
sharp Fermi surface exists in n(k) [32,33]. Unfortunately,
numerical calcuations of n(k) for the Bouchaud-Lhuillier
scenerio are not well developed enough in the literature to
permit a detailed comparison with our results.
The measured scattering from liquid 3He is consistent
with many possible forms for the momentum distribution
n(k), including models without a Fermi surface disconti-
nuity or an exponential tail. Both of these characteristics
are absent in the phenomenological model J
(P )
IA (Y ), which
represents n(k) as a sum of two Gaussians. This implies
that the problem of inverting the scattering data J(Y,Q)
to a unique momentum distribution n(k) is ill-posed.
This is analogous to neutron Compton scattering stud-
ies of superfluid 4He [27,28,34–36]. Here the Bose-Einstein
condensate contributes a δ-function singularity at Y = 0
to the IA-scattering JIA(Y ). While this δ-function is not
present in the observed scattering J(Y,Q), there is an in-
crease in intensity at small Y when the liquid 4He is cooled
from the normal fluid into the superfluid phase. This in-
crease in scattering is consistent with the existence of a
condensate peak broadened by finite instrumental resolu-
tion and final state effects. However, it is also consistent
with other possible forms for n(k), such as a sum of two
Gaussians. Sivia and Silver showed that neutron Comp-
ton profile J(Y,Q) of superfluid 4He cannot be uniquely
inverted to n(k) even for data with very high statistical
precision [37].
Conclusion. – In this paper, we have presented a
neutron Compton scattering study of normal liquid 3He
at 500 mK under 0, 10, and 15 bars of applied pressure.
We directly compared the observed scattering to ab ini-
tio predictions and excellent agreement is obtained at all
p-4
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pressures. The average atomic kinetic energy 〈EK〉 is also
in good agreement with theoretical expectations. The new
results resolve a long-standing inconsistency between the-
oretical calculations of 〈EK〉 and neutron Compton scat-
tering experiments.
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